This letter reports on an investigation of dc current-voltage measured in CaCu 3 Ti 4 O 12 ceramics. The experimental results show unusual I-V behaviors associated with the electrically inhomogeneous nature of the grains ͑mixture of semiconducting and insulating regions͒ and dependence on delay time. The data strongly suggest that both the localization of current in the conductive region and local Joule self-heating effects are essential elements to explain the abrupt drop in the electric field. In addition, the hysteresis behavior recorded during the I-V measurements shows strong dependence on delay time, i.e., the time needed for the polarization phenomena to occur. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3023061͔
Oxide materials with high dielectric constants play a fundamental role in some technological applications, including the efficiency and miniaturization of microelectronic components. A surprising colossal dielectric constant ͑CDC͒ was recently discovered in CaCu 3 Ti 4 O 12 ͑CCTO͒ materials with a value in the range of 10 4 in polycrystalline samples and of more than 10 5 in single crystals in the kilohertz range and a slight temperature dependence between 100-600 K. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In addition, polycrystalline ceramics showed a strong nonlinear electrical behavior between current and potential. 4 In view of these properties, the scientific community has been focusing its attention on efforts to understand the dielectric and transport properties of these materials.
In this letter, we report an anomalous current-voltage behavior strongly dependent on the time of applied current recorded during electrical measurements of polycrystalline CCTO samples. This anomaly is probably linked to local Joule self-heating associated with current localization in the conductive paths.
Polycrystalline samples of CCTO were prepared by solid state reaction and sintering. The resulting powder was pressed into pellets ͑about 8 ϫ 1.5 mm 2 ͒ by isostatic pressing at 210 MPa and sintered at 1105°C in air for 1, 3, 12, and 24 h, reaching values of more than 96% of theoretical density. The electrical measurements and gold contacts were deposited by evaporation on the sample surfaces. The dielectric constant ͑Ј͒ and dielectric loss ͑Љ͒ versus the applied frequency in the range from 40 Hz to 5 MHz were measured at room temperature using an impedance analyzer ͑Agilent, 4294 A͒. Current-voltage behavior was determined using a Keithley 237 high voltage source-measure unit at room temperature.
An analysis was made of the x-ray diffraction ͑XRD͒ diffraction patterns ͑Rigaku D/MAX 200͒ of the polycrystalline CCTO ceramics sintered at 1105°C for different periods of time ͑1, 3, 12, and 24 h͒, which revealed only a single CCTO perovskite phase in all the samples. The inset in Fig.   1͑a͒ shows the sample sintered for 12 h. The parameter cell could be indexed to a cubic cell with a lattice parameter a = 0.7395 nm, which is consistent with other works. 1, 16 The scanning electron microscopy ͑SEM͒ micrograph ͑Zeiss 5000͒ of the pure CCTO sample sintered at 1105°C in air for 12 h revealed the presence of a bimodal grain distribution between 40-50 m and small grains from 20 to 1 m, as clearly visible in Fig. 1 . Furthermore, the samples of pure CCTO sintered at the same temperature for 3, 12, and 24 h show the existence of a second phase rich in CuO, which was indentified by energy dispersive spectroscopy analysis ͑not shown here͒. This second phase was observed as being discontinuous, e.g., there is a nonhomogeneous distribution of the CuO in the sintered ceramics. The microstructure obtained for the sintered polycrystalline CCTO in the present work is typical of CCTO ceramics and has been observed by several authors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The particles lying on the CCTO grains were attributed to Al 2 O 3 particles left behind by inefficient cleaning during preparation of the sample for morphological characterization.
The dielectric properties of the sintered CCTO ceramics are depicted in of dielectric loss of 0.05 ͑at 10 kHz͒ were found, and a decrease was found to occur after the dielectric constant plateaued at around 35 000 in the megahertz region, as reported previously. [1] [2] [3] 5 These results confirm the quality of the CCTO samples studied here and are strongly consistent with previous reports. [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Figure 2͑a͒ displays typical nonlinearity in the I-V curve at room temperature ͑T = 298 K͒ for different delay times between current sweeps ͑1 and 2 s͒. The value of exponent n = ͑d log I͒ / ͑d log V͒, related to the nonlinearity of the current-voltage behavior, was found to be approximately 75 using delay time lower than 1 s. We noted a significant increase in the breakdown voltage that appeared to be closely linked to the delay time used during the current-voltage measurement ͓Figs. 2͑a͒ and 2͑b͔͒. When a 5 s delay time was applied, the breakdown voltage clearly increased up to a maximum value ͓Fig. 2͑b͒, indicated by B͔. This increase in the breakdown voltage in all the samples, which was dependent on the experimental condition adopted, may be explained by the presence of the polarization phenomenon during the long time delay applied.
In this study we also detected two additional unusual behaviors during the current-voltage measurements of CCTO ceramics when a higher delay time ͑5 s͒ was applied. First, in the I-V curves, we identified a monotonic drop ͓indicated by region C in Fig. 2͑b͔͒ in the electrical field after a maximum value was reached, i.e., the I-V curves exhibited a negative resistance ͑dV / dI Ͻ 0͒ up to 0.25 mA ͓see Fig. 2͑b͔͒ . To analyze this unusual behavior in the current density versus electric field curve, we separated three distinct regions indicated by letters A, B, and C in Fig. 2͑b͒ . The point ͑E = 238.728 V / cm; J = 0.006 mA/ cm 2 , extracted by a J-E plot͒ analyzed in region A, electrical field versus time, is obtained when a fixed amount of current is applied, which increases the electrical field over time and stabilizes after 400 s, showing a typically nonlinear behavior as illustrated in Fig. 2͑c͒ . This result indicates the dependence of the polarization phenomenon on the delay time, as suggested in Fig. 2͑a͒ , where a different delay time is analyzed. Moreover, the J-E curves clearly indicate a jump/drop in the ͑E͒ electric field, where the electric field increases to a maximum value ͑region B͒ accompanied by a drop in the E ͑region C͒, as illustrated in Fig. 2͑b͒ . Indeed, this unusual behavior involving a drop in the electrical resistivity above a threshold value of the applied dc E ͑or dc I͒ current is not commonly observed in I-V measurements of CCTO polycrystalline samples. Thus, the third region ͑C͒ was also analyzed as a function of time using a fixed current value ͓E = 239.338 V / cm, J = 0.0442 mA/ cm 2 , extracted from region C, Fig. 2͑b͔͒ , and the electric field was found to decrease abruptly in a matter of seconds ͑26 s͒ showing a relaxationlike behavior. These abrupt drops in E could be explained based on local Joule self-heating effects. Based on the studies of manganite compounds, Guha et al. 17, 18 reported that a drop in the electrical resistivity above a threshold value of the applied dc E ͑or dc I͒ current was generally observed. This E-driven ͑I-driven͒ insulator-metal transition was found to be closely related to the occurrence of nonlinear conductivity. 17, 19 The nonlinearity of the I-V curves is explained by different physical mechanisms. In addition, based on an appropriate experimental setup, Jardim and co-workers 20 recently reported that this behavior in crystalline doped manganites in response to the application of high current density J, which causes a reduction in metallic channels, is due to local Joule self-heating effects associated with localization current ͑in metallic paths͒. Both effects are essential to understanding the abrupt I-induced phase transition in phase-separated manganites.
Based on the results reported herein, we attribute the abrupt drop in the electrical field to these two effects, i.e., localization current and Joule heating. These effects can be explained by the existence of the electrically inhomogeneous nature of CCTO material rather than a metal-insulating phase transition. The electrically inhomogeneous structure consists of semiconducting and insulating regions inside the grains and is the main source of barriers between conductive and insulating regions. Recently, Fu et al. 21 studied CCTO polycrystalline samples with different grain sizes and identified an electrically inhomogeneous structure. In addition, using a combination of atomic force microscopy and SEM, they demonstrated that the grain boundary is conductive and, therefore, cannot be an insulating barrier displaying inhomogeneous conductivity in CCTO grains. This inhomogeneity was visualized more clearly in the samples with larger grain sizes ͑sintered for more than 3 h͒, confirming the existence of a relation between grain size and electrical properties such as giant dielectric constant, drop in resistivity, and various peculiar effects discussed previously.
The second unusual behavior correlated with nonlinear results in the current density versus electric field curves of CCTO materials is illustrated in Fig. 2͑b͒ . When the I-V measurement was taken ͑delay time of 5 s͒ in forward and reverse polarizations, we observed irreversible nonlinear behavior or electric hysteresis ͓Fig. 2͑b͔͒. However, this behavior was only observed when current was applied for more than 5 s at each point ͑delay time͒. When the delay was less than 3 s, the electric hysteresis was imperceptible and the known nonlinear electric feature predominated ͓Fig. 2͑a͔͒. All the CCTO samples sintered at 1105°C for 12 and 24 h showed hysteretic behavior and great reproducibility. On the other hand, the samples sintered at the same temperature for   FIG. 2 . ͑a͒ J-E curves of the polycrystalline CCTO sample measured with different delay times, 1 and 2 s. ͑b͒ J-E curves performed using delay time of 5 s of the polycrystalline CCTO sample sintered at 1105°C in air for 12 h. ͑c͒ Electric field as function of the time with a fixed current measured in the region represented by regions A and C. All measurements were carried out at room temperature.
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grain size and current delays ͑Ͼ3 s͒. Hysteresis in dielectric permittivity is usually found in ferroelectric materials with incommensurate phases. However, the possibility that the dielectric properties of CCTO material are related to ferroelectric transition or relaxor behavior has been experimentally excluded. Therefore, in our study, two hypotheses could possibly explain the presence of the electric hysteresis observed in the I-V measurement. The first hypothesis attributes the dipole polarization to intrinsic compositional inhomogeneities, strongly suggesting that the relaxation in CCTO may be a dipolar-type relaxation associated with hopping localized carriers. Zhang and co-workers 22, 23 recently reported anomalous behavior in CCTO materials, such as thermal hysteresis. They ascribed its origin to Anderson localization effects resulting from the inevitable existence of disordered oxygen vacancies and intrinsic compositional inhomogeneities intimately linked with relaxation in CCTO, such as dipolar relaxation associated with hopping localized carriers. Another hypothesis is the presence of internal domains in grains, which could clearly justify the electric hysteresis displayed in the dc currentvoltage measurement. It is widely proposed in the literature that hysteresis could originate from the presence of domains in grains. Fang and co-workers 6, 24 showed that internal domains in CCTO samples were rarely observed in small grains ͑Ͻ2 m͒ but were apparently revealed inside abnormally large grains obtained after prolonged sintering of samples, which confirms our expectations. Fang and co-workers 6, 24 also investigated the structural evolution of CCTO polycrystalline samples by SEM and high-resolution transmission electron microscopy and proposed that the internal domains found inside the grains could contribute to enhance the CDC.
These recent reports support our supposition that the results presented here, such as current localization and Joule self-heating effects, are closely related to inhomogeneities in the grains of synthesized polycrystalline CCTO. The irreversible nonlinear behavior or electric hysteresis appears to be intimately linked with delay time. Furthermore, the origin of this behavior could be explained by two different hypotheses, namely, internal domains in the grains and/or dipoletype polarizations ͑intrinsic compositional inhomogeneities͒.
In summary, the anomalous behavior observed in I-V measurements of CCTO polycrystalline samples is probably associated with intrinsic compositional inhomogeneities. The abrupt drop in the voltage is intimately related to a local Joule self-heating effect associated with localization current. The origin of both effects described herein can be clearly explained by the careful I-V measurements using different delay times and the electrically inhomogeneous nature of the CCTO material. 21 In addition, the irreversible nonlinear behavior or electric hysteresis also observed in the I-V measurements appears to have two different possible origins: internal domains inside grains ͑commonly observed in CCTO microstructures with abnormal grain sizes͒ 24 and/or dipoletype polarization resulting from intrinsic compositional inhomogeneities. 22, 23 The microstructure of the pure CCTO studied here showed a bimodal grain size distribution similar to the one reported by Fang and Liu, 24 but we were unable to identify the internal domains by SEM. Our results indicate that CCTO materials must be studied carefully before deciding what their best applications are. Studies involving appropriate experimental setups, such as four-probe dc measurements taken at different temperatures and careful monitoring, are underway for the in-depth investigation of all the effects.
